Many studies have been made on extensions of the standard model with B − L gauge symmetry. The addition of three singlet (right-handed) neutrinos renders it anomaly-free. It has always been assumed that the spontaneous breaking of B − L is accomplished by a singlet scalar field carrying two units of B −L charge. This results in a very natural implementation of the Majorana seesaw mechanism for neutrinos.
U(1) B−L . Using the particle content of the standard model, all triangle gauge anomalies are zero except for
This is easily solved with the addition of three (right-handed) singlet neutrinos, which contribute −3(−1) 3 = +3. Note that the gauge-gravitational anomaly is also zero because −3(−1) = +3. Numerous studies have been made regarding this model of U(1) B−L .
In this paper, we point out that there is another simple choice for three families. Let 
there is one massless neutrino in this case. However, the dimension-five operatorN L ν R3 χ * 3 χ * 3 /Λ is allowed by U(1) B−L and would give it a very small Dirac mass. Alternatively, a second scalar χ 6 ∼ 6 may be added.
Another possible outcome of the above scenario is obtained with the choice of two complex scalar fields χ 2 ∼ 2 and χ 6 ∼ 6 under U(1) B−L . In this case, ν L is not connected to
as follows:
where m 2 and m ′ 2 come from χ 2 . This is then an inverse seesaw [4] [5] [6] 
In the case of ν R3 ∼ +5, the corresponding mass matrix spanning (
where m 6 comes from χ 6 . Thus ν R3 also gets an inverse seesaw mass ≃ m 5) is the 4 × 4 analog of the 3 × 3 lopsided seesaw discussed in [7] .
In this scheme, lepton number L is broken to (−1) L for ν L and ν R3 , and N 1,2,3 are heavy pseudo-Dirac fermions. However, ν R1,R2 remain massless and may only be produced in pairs. They are thus good dark-matter candidates if they become massive. This may be accomplished with a third scalar χ 8 ∼ 8.
In this section we expand upon the first scenario discussed in the previous section, using two singlet scalar fields transforming as +3 under the B − L symmetry, in analogy to having ν R2 and ν R3 transforming as −4. This allows us to use the doublet representations of the non-Abelian discrete symmetry group S 3 to understand the leptonic family structure as indicated by present neutrino oscillation data and other experimental constraints. We will first work out the details of our model for the simpler case of µ − τ sector and show how one can use S 3 symmetry to obtain maximal mixing. Then we will discuss the implications of imposing S 3 symmetry to the full 3 × 3 mixing matrix. However, before presenting our model let us briefly discuss the S 3 symmetry group.
The S 3 group is the smallest non-Abelian discreet symmetry group and is the group of the permutation of three objects. It consists of six elements and is also isomorphic to the symmetry group of the equilateral triangle. It admits three irreducible representations 1, 1 ′ and 2 with the tensor product rules
In this work, following the earlier works [8, 9] , we choose to work with the complex representation of the S 3 group. In the complex representation, if
such that
With this brief summary of S 3 group and its irreducible representations, we now move on to constructing an S 3 invariant µ −τ sector. In later section we will generalize the discussion of this section to the full 3 × 3 mixing matrix.
A. The S 3 invariant µ − τ sector
We denote the left handed lepton doublets by Let the B − L charge and S 3 assignment of the above fields be as shown in Table I . 
Y interaction can be written as
where
In writing (10), we used the notationΦ
T . Moreover, y µ , y τ are the Yukawa couplings of the charged lepton sector whereas f i , g i and M i denote the dimensionless coupling constants between the leptons and the heavy fermions.
After symmetry breaking the scalar fields get vacuum expectation values (VEVs) φ 0 = v, χ i = u i ; i = 2, 3. Then the mass matrix relevant to charged leptons is given by
T of neutrinos and the heavy fermions is given by
As remarked earlier, the mass terms M i between the heavy fermions can be naturally large, so we can block diagonalize (12) assuming that f i , g i << M i . The block diagonalized mass matrix of light neutrinos is given by
where m
terms of (10). This light neutrino mass matrix can be further diagonalized by the bi-unitary transformation. The neutrino masses and the mixing angles obtained from (13) will be dependent on the specific values of the coupling constants f i , g i , M i as well as the VEVs v, u i ; i = 2, 3. For sake of illustration we explicitly compute them for two simplifying scenario leading to maximal mixing.
In this case the neutrino mass matrix becomes
.
Both the mass matrices in (14) and (15) can be written as
In Case II (17)
The mass matrix in (16) where κ, a, b
for both cases are given in (17). Therefore, S 3 allows us to understand maximal mixing in the µ − τ sector.
III. THE COMPLETE S 3 INVARIANT LEPTON SECTOR
The B − L charge and S 3 assignment of the fields for the full lepton sector is as shown in Table II .
where 
As before, in writing (19), we used the notationΦ
y α are the Yukawa couplings of the charged leptons whereas f ij , g ij and M ij denote the dimensionless coupling constants between the leptons and the heavy fermions.
At this point we like to remark that in (19) there is still a freedom to redefine a few fields (i.e. the pairs
R and e R − µ R ) in a way that certain couplings can be made equal to zero. For sake of later convenience we choose to use this freedom of field redefinition to make f
Moreover, we relabel the remaining non-zero couplings of these redefined fields as f
Now, after symmetry breaking the scalar fields get VEVs φ 0 = v, χ i = u i ; i = 2, 3.
Then the mass matrices relevant to charged lepton is given by , with m µ = √ 2vy µ .
Also, the 6 × 6 mass matrix spanning (ν
As remarked earlier, the mass terms M ij between the heavy fermions can be naturally large, so we can block diagonalize (22) assuming that f ij , g ij << M ij . The block diagonalized mass matrix of light neutrinos is given by
Taking y ) which gives PMNS mixing angles consistent 1 with present 3 − σ limits of global fits obtained from experiments [10] .
The Quark Sector
In our minimal model with only one doublet scalar, the quark sector can be accommo- A better understanding of the quark sector can be obtained if, to our minimal model, we add more doublet scalars transforming non-trivially under S 3 . One such example for quark sector, albeit in context of a different model for lepton sector, has already been worked out in [8, 9] . We plan to present a similar extension of our minimal model in a future work.
IV. CONCLUSIONS
The idea that B − L should be a gauge symmetry has been around for a long time. The minimal version of three ν R transforming as −1 is very well-known. Other exotic variants are possible with extra particles, such as the two models recently proposed [11, 12] . Here we point out the simple anomaly-free solution of three ν R 's transforming as +5, −4, −4. We show how these assignments may be used to obtain seesaw Dirac neutrino masses, as well as inverse seesaw Majorana neutrino masses. We then apply S 3 symmetry to the first case, and obtain realistic neutrino and charged-lepton mass matrices with a mixing pattern consistent with experiments.
